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Abstract

Background—Despite the success of combined antiretroviral therapy (cART) in reducing viral 

load, a substantial portion of Human Immunodeficiency Virus (HIV)+ patients report chronic 

pain. The exact mechanism underlying this co-morbidity even with undetectable viral load 

remains unknown, but the transactivator of transcription (HIV-Tat) protein is of particular interest. 

Functional HIV-Tat protein is observed even in cerebrospinal fluid of patients who have an 

undetectable viral load. It is hypothesized that Tat protein exposure is sufficient to induce 
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neuropathic pain-like manifestations via both activation of microglia and generation of oxidative 

stress.

Method—iTat mice conditionally expressed Tat(1–86) protein in the central nervous system upon 

daily administration of doxycycline (100 mg/kg/d, i.p., up to 14 days). The effect of HIV-Tat 

protein exposure on the well-being of the animal was assessed using sucrose-evoked grooming and 

acute nesting behavior for pain-depressed behaviors, and the development of hyperalgesia assessed 

with warm-water tail withdrawal and von Frey assays for thermal hyperalgesia and mechanical 

allodynia, respectively. Tissue harvested at select time points was used to assess ex vivo alterations 

in oxidative stress, astrocytosis and microgliosis, and blood-brain-barrier integrity with assays 

utilizing fluorescent-based indicators.

Results—Tat protein induced mild thermal hyperalgesia but robust mechanical allodynia 

starting after 4 days of exposure, reaching a nadir after 7 days. Changes in nociceptive 

processing were associated with reduced sucrose-evoked grooming behavior without altering acute 

nesting behavior; and in spinal cord dysregulated free radical generation as measured by DCF 

fluorescent intensity, altered immunohistochemical expression of the gliotic markers, Iba-1 and 

GFAP, and increased permeability of the blood-brain-barrier to the small molecule fluorescent 

tracer, sodium fluorescein in a time-dependent manner. Pretreatment with the anti-inflammatory, 

indomethacin (1 mg/kg/d, i.p), the antioxidant, methylsulfonylmethane (100 mg/kg/d i.p) or the 

immunomodulatory agent, dimethylfumarate (100 mg/kg/d p.o) thirty minutes prior to daily 

injections of doxycycline (100 mg/kg/d i.p) over 7 days significantly attenuated the development 

of Tat-induced mechanical allodynia.

Conclusions: Collectively, the data suggests that even acute exposure to HIV-1 Tat protein at 

pathologically relevant levels is sufficient to produce select neurophysiological and behavioral 

manifestations of chronic pain consistent with that reported by HIV-positive patients.

Graphical Abstract
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Introduction

While neuropathic pain is attributed to lesions or diseases of the somatosensory system [1], 

precise causes vary widely, and the underlying pathophysiology is complex [2]. Despite 

the success of combined antiretroviral therapy (cART) in sustaining patients infected with 

Human Immunodeficiency Virus (HIV), 30% of HIV patients manifest detectable peripheral 

neuropathy and pain [3] such as tactile allodynia in the extremities that progresses over time, 
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and nearly 60% of HIV-positive patients report chronic pain of some type [4], significantly 

decreasing the quality of life [5]. Reports suggest conventional analgesics may have reduced 

effect against HIV-related pain, complicating treatment [6,7]. Postmortem analysis of HIV-

positive patients who suffered from chronic pain demonstrated no significant increase in 

viral load in the brain, cerebrospinal fluid, or blood compared to HIV positive patients 

who did not report pain prior to death [8]. Accordingly, the etiology of HIV-associated 

pain remains unknown, although the neurotoxic effects of HIV proteins, cytokines, and 

mitochondrial damage have each been implicated [6]. For instance, elevated levels of the 

HIV viral protein gp120 were found in HIV+ patients who reported pain prior to death 

[8], and earlier animal work demonstrated that intrathecal administration of gp120 induces 

mechanical allodynia and thermal hyperalgesia [9]. These manifestations of neuropathic 

pain are associated with increases in free radical generation, inflammation [10] and immune 

activation [11] that are exacerbated with opioid co-treatment [12]. Likewise, expression of 

HIV viral protein R (vpr) in immunodeficient mice also increased intracellular calcium, 

extracellular cytokine release and mechanical allodynia associated with spinal neuronal 

damage [13].

Another HIV regulatory protein, the transactivator of transcription (Tat) has garnered 

significant attention in its potential role in HIV-associated sensory neuropathy. Tat is 

profoundly neurotoxic and contributes to neuronal injury after release from intact HIV-

infected glial cells [14]. Tat continues to be detected in cerebrospinal fluid samples 

from virally suppressed patients on cART [15,16], indicating the availability of this viral 

protein to mediate HIV-associated sensory neuropathy. Acute exposure to the Tat protein 

produces axonal injury, apoptosis, and hyperexcitability of dorsal root ganglion neurons 

in vitro [17,18], and exposure in vivo to Tat protein produces microgliosis in the spinal 

cord and reduced epidermal nerve fiber density in the periphery [17–19], all of which 

might contribute mechanistically to increased pain-like symptomology [19,20]. However, 

functional tests of mechanisms by which Tat protein increases pain responding remain 

understudied.

In this study, we evaluated Tat-induced pain-like behaviors, pathological markers associated 

with HIV-sensory neuropathy (oxidative stress and gliosis)[21], and examined possible 

functional mechanisms that might contribute to a potential pain state after relevant central 

exposure to HIV Tat protein [15,22] in male Tat-inducible (iTat) mice [23–25]. We 

hypothesized that exposure to Tat protein would increase oxidative stress and microglial 

activation in the spinal cord and reduce the spinal-cord-blood barrier integrity similar to 

reports observed at the supraspinal level [26], thereby promoting nociceptive behavior in 

models of evoked, spinally mediated reflexive measures of pain (thermal and mechanical 

nociception) [27] and supraspinally modulated, spontaneous pain-related depression of 

naturalistic behavior (nesting and grooming) indicative of general well-being [28–30].

Additional studies were conducted to evaluate potential underlying mechanisms of Tat-

induced neuropathy. Specifically, daily prophylactic pretreatment during induction of Tat 

protein with methylsulfonylmethane (MSM), an antioxidant that was found to successfully 

attenuate Tat-induced increases in oxidative stress and depression-like behavior [24]; the 

anti-inflammatory, indomethacin, used previously to block impairment of Tat-induced 

Cirino et al. Page 3

J Neuroimmune Pharmacol. Author manuscript; available in PMC 2023 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



sensorimotor gating [25]; or the immunomodulatory agent used to treat multiple sclerosis 

[31], dimethyl fumarate were administered to determine if these respective mechanisms 

mediated Tat-induced hyperalgesic responses.

Materials and Methods

Animals, Environmental and Drug Conditions

C57BL/6J mice weighing 22–26 g were obtained from Jackson Labs (Bar Harbor, ME, 

USA). The iTat bigenic mice, which contain a tetracycline sensitive GFAP promoter next 

to the Tat1–86 (Tat) gene [23], and the G-tg transgenic mouse lacking the Tat gene [24] 

were obtained from breeding colonies established at the University of Florida (Gainesville, 

Florida, USA). All mice were housed in a temperature and humidity-controlled room at 

the University of Florida vivarium. Animals remained on a regular light/dark (12:12) cycle 

with the light phase starting at 7 a.m. and ending at 7 p.m., and given food and water ad 
libitum except during experimental sessions. All testing was done during the light phase of 

the animals’ cycle but was limited mainly from 10:00 a.m. to 3:00 p.m. All studies were 

conducted in 8–12-week-old male mice.

Drug Treatment

All drugs were dissolved prior to injection, and administered within 0.25 mL per 25 

grams of body weight. Doxycycline (10 mg/mL), methylsulfonylmethane (MSM, 10 mg/

mL), and indomethacin (0.1 mg/mL) were dissolved in saline and administered through 

the intraperitoneal (i.p) route, while dimethyl fumarate (DMF, 10 mg/mL) was dissolved 

in 10% dimethyl sulfoxide (DMSO) and administered via oral gavage (p.o.). MSM, 

indomethacin, and DMF were administered 30 minutes prior to doxycycline treatment each 

day. Doxycycline was administered once daily at a dose (100 mg/kg/d, i.p.) established 

earlier to induce Tat protein [23,25].

Behavioral Testing

Thermal Hyperalgesia—Thermal hyperalgesia was assessed using the warm-water 

tail-withdrawal assay and acetone tests. Briefly, each mouse was tested for baseline tail-

withdrawal latency prior to drug administration, and again 1, 4, 7 and 14 days later after 

doxycycline treatment. The 52°C warm-water tail-withdrawal assay was conducted as a 

measure of acute thermal nociception [27,32–34]. A maximum response time of 15 seconds 

for 52°C was utilized to prevent tissue damage. The 48°C warm-water tail-withdrawal assay 

was conducted as a measure of acute thermal hyperalgesia with a maximum response time of 

30 seconds [35]. The acetone test was used to assess cold allodynia by applying acetone (50 

μL) to the hind paw of the animal, recording the duration of licking [36]. Increased licking in 

response to acetone is a measure of cold allodynia. All data is reported in seconds ± SEM.

Mechanical Allodynia—Mechanical hyperalgesia was assessed in a separate cohort of 

animals using calibrated von Frey filaments (Stoelting, Wood Dale, IL) ranging from 0.4 

to 6.0 grams of pressure. Mice stood on a metal mesh covered with a plastic dome during 

each testing session. Mice were first habituated for at least one hour prior to each testing 

session. During testing, the plantar surface of the hind paws was touched with different 
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von Frey filaments with a bending force from 0.4 to 6.0 g until the threshold that induces 

paw withdrawal was found [37]. Unresponsive mice received a maximal score of 6.0 grams. 

Paw withdrawal threshold was determined as the average of 6 measurements per animal, 

with three measurements per paw. An experimentally induced decrease in paw withdrawal 

threshold is considered mechanical allodynia [37–40].

Nestling Displacement Test—In a separate cohort of animals, spontaneous nesting 

behavior was evaluated as a non-reflexive model of pain-depressed behavior in a separate 

cohort of animals [29]. A 5 cm X 5 cm Nestlet™ was divided into 6 pieces, and evenly 

distributed across a cage resembling the animal’s home cage. Group-housed mice were 

separated and placed into a new cage, and the number of nestlet pieces displaced was 

scored (0–6) after two hours. Depression of nest building is indicative of nociception and is 

sensitive to common analgesics such as morphine and ketoprofen [29].

Sucrose-Evoked Grooming Test—After nesting behavioral analysis, induction of self-

grooming was initiated using 1 mL of 10 percent (v/v) sucrose placed on the dorsal 

lumbar region of the animal. Latency to initiate grooming on the animal’s flank, along 

with total grooming time was recorded in seconds for 10 minutes. Increased latency to 

groom and decreased total time spent grooming are indicative of pro-depressant behaviors 

that have been associated with chronic pain, and were assessed here to evaluate the affective 

component of pain [41].

Ex Vivo Analysis

Immunohistochemistry—In a separate cohort of animals (G-tg or iTat), 7- or 14-day 

doxycycline-treated mice were anesthetized with isoflurane, and perfused with 12 mL of 

PBS followed by 12 mL of 10% formalin (Fisher Scientific). Spinal cords were harvested 

and placed in 10% formalin at 4°C overnight. Afterwards, tissue was transferred and 

maintained in 30% sucrose at 4°C for at least 1 day until sectioned. The spinal cord was 

removed from sucrose, and the lumbar region was isolated using a razor blade and transfixed 

onto a specimen disk using O.C.T embedding media (Tissue-Tek VWR). A cryostat (Leica 

CM3050 S) was used to section tissue coronally at 40 μM thickness. Slices were collected 

and stored in cryoprotectant (30% Sucrose and 30% Ethylene Glycol in 0.1M Phosphate 

Buffer) at −20°C for future analysis. Slices were mounted on positively charged slides 

(SuperFrost Plus, Fisher Scientific), washed in potassium-PBS (KPBS) five times and then 

incubated in sodium citrate buffer (10 mM Tri-sodium citrate, pH 8.5) for an hour at 80°C. 

Afterwards, tissue was incubated in blocking buffer (2% NDS, 0.5% Triton, 0.3M Glycine, 

and 10% BSA in KPBS) for 1 hour at room temperature.

Subsequently, primary antibody (either Iba-1 (Abcam ab178846) at 1:1000 or GFAP 

(Abcam ab68428) at 1:500 diluted in blocking buffer) was applied to the tissue on the slide 

and left at 4°C overnight. After primary antibody incubation, slides were rinsed in KPBS 

five times and incubated in secondary antibody (Donkey Anti-Rabbit IgG H/L AlexaFluor 

488, Abcam ab150073) for 2 hours at room temperature. Following secondary antibody 

incubation, slides were washed in KPBS five times, with a final rinse in KPB. Slides were 

dehydrated using serial applications of increasing concentrations of ethanol (60–80-100%) 
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on the slide. Excess ethanol was removed by inverting the slide, and slides were immediately 

cover-slipped using DAPI mounting medium (SouthernBiotech). Images were obtained at 

20X using an epifluorescent microscope and processed using ImageJ. To control for changes 

in baseline intensity changes across slides, tissue were processed in batches containing both 

control and Tat exposed tissue, with the fluorescent intensity reported as a percentage of the 

control (% control = [fluorescent intensity of doxycycline treated iTat mouse / fluorescent 

intensity of doxycycline treated G-tg mouse] * 100).

Oxidative Stress Measurement

Whole brain or spinal cord ROS/RNS levels were quantified ex vivo [24]. Briefly, mice 

were anesthetized with isoflurane, and brains and spinal cords from the same cohort of 

iTat or G-tg animals were harvested after 7 or 14 days of saline or doxycycline treatment 

(100 mg/kg/d, i.p), flash frozen in liquid nitrogen, and stored at −80°C for future analysis. 

Tissue was homogenized at 25 mg of tissue per mL of phosphate buffered saline (PBS, 

pH 7.2) with a QSonica sonicator. Homogenates (1 mL) were centrifuged for 5 minutes at 

6000 rpm using a Corning® LSE™ Mini-Microcentrifuge, and supernatant was immediately 

assayed in the OxiSelect fluorescent kit (STA-347, Cell Biolabs, Inc.), with fluorescence 

detected using a Synergy H1 Multi-mode reader (BioTek Instruments, Inc.). Increased DCF 

fluorescence indicates an increase in free radical generation, a marker of oxidative stress. 

Arbitrary fluorescent units were recorded from brain and spinal cord in triplicate and were 

used for statistical comparisons.

Blood-Brain-Barrier Integrity

In a separate cohort of animals, untreated C57BL/6J mice, 7- or 14-day doxycycline treated 

iTat mice, and 14-day doxycycline treated G-tg mice were anesthetized with isoflurane. 

Animals were transcardially perfused with 50 μL of sodium fluorescein (2% w/v), a 

small fluorescent tracer (0.376 kDa) with low central nervous system permeability, 10 

minutes prior to 12 mL of PBS perfusion [26]. Whole brains, spinal cords and hearts were 

harvested from each animal, flash frozen, and stored at −80°C for future analysis. Tissue was 

homogenized at 200 mg per 1 mL using the QSonica sonicator. Ten μL of homogenate was 

diluted into 190 μL of PBS, and directly measured for fluorescence (440/525 nm) using the 

Synergy H1 reader. Arbitrary fluorescent units were recorded from brain, spinal cord and 

heart of each animal in quadruplicate. The fluorescent units in the brain or spinal cord were 

normalized as a percent fluorescence to the fluorescent units measured from the heart where 

injection occurred. This normalization was conducted for each replicate, across all mice, and 

was used for statistical comparisons.

Statistical Analysis

All data are presented as mean ± SEM, with significance set at p < 0.05, denoted by 

the asterisk (*). All data were statistically evaluated with Prism 8.0 software (GraphPad 

Software, La Jolla, California, USA). Significant differences in behavioral data were 

assessed using either Student’s t-test, a Two-Way Repeated Measures ANOVA or a One-

Way ANOVA as appropriate; ANOVA testing was followed by Bonferroni post-hoc analysis 

for significant pairwise comparisons. Significant differences in oxidative stress, blood brain-
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barrier integrity or glial fluorescent staining was measured using either a One or Two-Way 

ANOVA with Bonferroni’s post-hoc analysis when appropriate.

Results

HIV-1 Tat Expression Induces Select Alterations in Thermal Hyperalgesia and Mechanical 
Allodynia in Male Mice

Male iTat or G-tg mice (n = 8 per group) displayed no significant differences between 

strains in baseline tail-withdrawal latencies at either 48°C (11.9 ± 0.60 vs. 10.4 ± 1.30, 

p > 0.82) or 52°C (3.40 ± 0.30 vs. 3.60 ± 0.80, p > 0.99), nor duration of paw licking 

after acetone application (0.00 ± 0.00 vs. 0.10 ± 0.10, p > 0.97) (Figure 1, day 0). Mice 

were then treated daily for 14 days with doxycycline (100 mg/kg/d, i.p) with measures of 

potential hyperalgesia monitored repeatedly across treatments. Two-way repeated measures 

ANOVA with Tat as a between subject factor and duration of treatment as a within subject 

factor indicated that Tat protein expression did not produce a significant main effect, as no 

differences in algesic response were observed between doxycycline treated iTat or G-tg mice 

using the 48°C tail-withdrawal test (Figure 1A; F1, 14 = 0.40, p = 0.53), nor in the acetone 

test (Figure 1C; F1, 14 = 0.01, p = 0.93). However, a significant Tat main effect in thermal 

hyperalgesia over the duration of treatment was observed using the 52°C water bath (Figure 

1B; F1, 14 = 16.9, p < 0.01).

Post-hoc analysis using Tukey’s multiple comparisons test showed trending decreases in tail 

withdrawal latency for 52°C water in Tat-exposed mice after 4 and 7 days of doxycycline 

treatment (Figure 1B; p < 0.07), with a statistically significant reduction occurring at 14 

days (p = 0.03). In contrast, mechanical allodynia developed quickly and robustly after 

exposure to Tat protein (Figure 1D; Tat main effect, F1, 81 = 99.7, p < 1.00*10−4), with 

statistically significant decreases in paw withdrawal threshold observed starting after 4 days 

of exposure (p < 1.00*10−4), and reaching a nadir after 7 days.

HIV-Tat Protein Exposure Reduces Evoked Grooming Behavior without Altering Nesting 
Behavior

Following the demonstration of algesia and allodynia after 7 days’ Tat exposure, a separate 

cohort of G-tg (n = 9) and iTat mice (n = 15) treated for 7 days with doxycycline were 

exposed to 6 equally sized pieces of nestlet for 2 hours, with the number of nestlets 

displaced from their original position being measured. Immediately afterwards, 30% sucrose 

was applied to the dorsal rump of the animal and directed grooming towards this area 

was measured. A Student’s t-test indicated that 7 days of Tat protein exposure in vivo 
significantly reduced the total grooming time evoked by application of 30% sucrose on the 

dorsal coat as compared to control mice (Figure 2A, t (18) = 2.72; p = 0.01). No changes in 

latency to groom (Figure 2B, t (18) = 0.42; p = 0.97), or nestlet displacement (Figure 2C, t 

(18) = 0.89; p = 0.38) were otherwise detected during this period in this cohort of animals.
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HIV-1 Tat Expression Modifies Markers of Gliosis, Oxidative Stress, and Blood-Brain-
Barrier Integrity

To determine if previously reported alterations in gliosis with exposure to the Tat protein at 

the supraspinal level [25] correlated to changes in gliosis at the spinal level, we examined 

the macrophage/microglia marker, ionized calcium-binding adapter molecule 1(Iba-1), and 

the astrocyte marker, glial acidic fibrillary protein (GFAP), in the lumbar spinal cord 

(Figure 3). Two-way ANOVA was conducted with Tat exposure and duration of exposure as 

between subject factors for both Iba-1 and GFAP marker intensity analysis. Tat displayed a 

significant main (F1, 36 = 5.86, p = 0.02) and interactive effect with duration of treatment 

(F1, 36 = 5.67, p = 0.02) on Iba-1 expression (Figure 3A–E). Specifically, only 7 days of 

Tat exposure produced significant increases in Iba-1 staining intensity (p = 3.00*10−3), with 

no significant effects observed after 14 days of protein exposure compared to controls (p = 

0.99). GFAP intensity was significantly decreased with Tat protein expression (Figure 3G–J; 

main effect, F1, 33 = 8.08, p = 0.01), predominately after 7 days of exposure (p = 0.04), and 

with no statistically significant effects observed after 14 days (p = 0.28).

Oxidative stress was assessed from supernatant of both brain and spinal cord of iTat and G-

tg mice pretreated 7 or 14 days with doxycycline (100 mg/kg/d, i.p) (n = 4 mice per group, 

with brain and spinal cord run in triplicate) utilizing the OxiSelect In Vitro ROS/RNS assay. 

Supernatant from each sample was exposed to a reduced probe, DCFH, where ROS/RNS in 

the sample oxidized DCFH into highly fluorescent DCF. Fluorescence intensity is directly 

proportional to ROS/RNS levels in the sample, with average fluorescence intensities for each 

group reported in Figure 4A and B. Two-way ANOVA with Tat and duration of treatment 

as between subject factors found that exposure to HIV-Tat protein produced a significant Tat 

main effect (F1, 62 = 34.4, p < 1.00*10−4) and interaction (Tat X duration of treatment; F1, 62 

= 13.5, p = 5.00*10−4) on fluorescent intensities observed from brain supernatant.

In spinal cord supernatant, expression of the HIV Tat protein did not yield a significant 

main Tat effect (F1, 54 = 1.88, p = 0.18), however a significant [Tat X duration of treatment] 

interaction was observed (F1, 54 = 32.9, p = 1.00*10−4). Tukey’s post-hoc analysis revealed 

significant increases in ROS/RNS levels in the brain (Figure 4A) occurred only after 14 

days of doxycycline treatment (p < 1.00*10−4). Interestingly, in the spinal cord (Figure 4B), 

7 days of Tat protein exposure significantly decreased ROS/RNS levels (p = 3.00*10−4), 

while 14 days of Tat exposure significantly increased those levels compared to controls (p = 

2.00*10−4).

To assess blood-brain-barrier integrity, brains and spinal cords were extracted from 

doxycycline treated G-tg and iTat mice or naïve C57BL/6J mice (n = 5–7 mice per group run 

in quadruplicate) that were first perfused with the small molecule fluorescent tracer, sodium 

fluorescein, homogenized, and then assayed for fluorescence. HIV Tat protein exposure 

displayed a significant main effect on brain (Figure 4C, F3, 124 = 7.40, p = 4.00*10−4) and 

spinal cord (Figure 4D, F3, 32 = 22.6, p < 1.00*10−4) fluorescence intensity, using One-way 

ANOVA. Post hoc analysis with Tukey’s Honest Significant Difference (HSD) demonstrated 

that when compared to naïve C57BL/6J mice, doxycycline administration in control G-tg 

mice did not display any significant differences in the % fluorescence detected in the brain 

or spinal cord normalized to the heart (p > 0.05). However, although 7 days of exposure to 
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Tat protein did not increase the % fluorescence detected in brain (p = 0.77) or spinal cord (p 

= 0.87), 14 days of exposure increased it significantly (p < 0.01).

Pharmacological Reduction of Oxidative Stress and Inflammation Attenuates Tat-Induced 
Mechanical Allodynia

To determine whether the promotion of oxidative stress in the Tat-expressing animals 

functionally contributed to the robust development of Tat-induced mechanical allodynia, 

a separate cohort of animals (n = 8 per group) were treated with the antioxidant, 

methylsulfonylmethane (MSM, 100 mg/kg/d, i.p), prior to doxycycline each day for 14 days, 

and their mechanical threshold was assessed throughout (Figure 5A). Repeated measures 

Two-way ANOVA with treatment as a between-subject factor and duration of treatment as 

a within-subject factor was conducted on the results. Significant main effects of treatment 

(F3, 200 = 39.7, p < 1.00*10−4) and duration of treatment (F2, 400 = 53.8, p < 1.00*10−4) 

were observed, with a significant interaction [treatment X duration of treatment] (F6, 400 = 

5.47, p < 1.00*10−4). Tukey post-hoc comparisons revealed that pretreatment with MSM 

significantly attenuated the development of mechanical allodynia after 7 (p < 1.00*10−4) 

and 14 (p < 1.00*10−4) days of Tat protein expression compared to doxycycline-treated iTat 

mice (Figure 5A). However, there was still a mild but statistically insignificant decrease in 

the mechanical allodynia threshold in the MSM-pretreated, Tat-expressing mice, compared 

to MSM-doxycycline treated G-tg mice (p = 0.09). Within-subject analysis of control G-tg 

mice indicated that doxycycline in and of itself began to have negative effects on paw 

withdrawal threshold after 14 days of administration (p < 2.00*10−3).

Similar to methylsulfonylmethane, separate cohorts of animals (n = 8 per group) were 

assessed for mechanical threshold before and after daily pretreatment with either the 

non-selective cyclo-oxygenase (COX) inhibitor, indomethacin (1 mg/kg/d, i.p), or the 

immunomodulatory nuclear factor erythroid 2-related factor 2 (Nrf2) inducer, dimethyl 

fumarate (100 mg/kg/d, p.o.), prior to doxycycline treatment (100 mg/kg/d i.p) for 7 days. 

Indomethacin (Figure 5B) or dimethyl fumarate (Figure 5C) pretreatment both produced 

a significant treatment effect on mechanical allodynia development (F2, 318 = 20.1 for 

indomethacin and F2, 171 = 29.7 for dimethyl fumarate, with p < 1.00*10−4 for both). 

Tukey’s post-hoc analysis demonstrated that pretreatment with either drug significantly 

reduced the development of mechanical allodynia after 7 days of Tat expression compared to 

iTat animals treated with doxycycline alone (p < 0.05).

Discussion

This study tested the hypothesis that HIV-1 Tat protein expression produces oxidative 

stress that contributes to the development of mechanical allodynia. Consistent with the 

findings of Wodarski and colleagues [19], where prolonged exposure to low levels of Tat 

protein produced mechanical but not thermal hyperalgesia in female mice, male animals 

presently expressing Tat protein displayed robust mechanical allodynia but not thermal 

hyperalgesia at 48°C. However, contrary to the findings of Wodarski [19], mice expressing 

Tat presently display a heightened sensitivity to thermal nociception at 52°C, and dynamic 

changes in microglia and astrocyte staining. Intriguingly, robust mechanical allodynia 
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appears to coincide with only mild increases in sensitivity to thermal nociception at the 

52°C temperature threshold, and modest changes in nesting behavior indicative of a pain-

like state. Taken together, the data suggests Tat protein exposure induces both thermal 

hyperalgesia as well as mechanical allodynia in a time-dependent manner present after 

7 days’ exposure. It is unlikely these responses are due to a loss of locomotor activity, 

as these mice have been characterized previously to possess normal baseline locomotion 

when expressing Tat protein [24,25]. Moreover, Wodarski and colleagues [19] demonstrated 

increased microglia profiles (number of microglia) only after 6 weeks of Tat expression, 

compared to 8 days herein, and without significant alteration in GFAP staining. In contrast, 

although utilizing slightly different methodology to measure staining intensity, we presently 

report increased Iba-1 and decreased GFAP fluorescent staining after 7 days of Tat protein 

exposure, which both normalize back to levels observed in doxycycline-treated control 

conditions after 14 days of exposure.

The decreases in GFAP staining in the spinal cord after 7 days of Tat exposure were 

not expected, although Wodarski and colleagues [19] likewise reported a statistically 

insignificant but appreciable decrease in GFAP staining after 8 days of exposure to low 

levels of Tat protein in female mice, suggesting a decrease in GFAP expression in astrocytes 

replicated across models and sexes. Since the induced Tat protein is generated in astrocytes 

in both mouse models, it is possible that early Tat protein exposure within astrocytes 

may promote apoptosis of said astrocytes that plateaus over exposure. Supporting this 

observation, the intensity of GFAP expression in the spinal cord has been demonstrated 

elsewhere to be inversely related to the display of me chanical allodynia after peripheral 

nerve injury; where lower levels of GFAP correlated with higher mechanical allodynia after 

chronic injury [43].

Similar to earlier cell culture studies showing Tat-induced activation of the microglial 

inflammasome and expression of inflammatory products such as IL-1β [44,45], present 

exposure to Tat protein induces dynamic changes in oxidative stress, another sequelae 

related to the inflammatory response. In contrast to the brain, where Tat protein produced 

initially negligible (at 7 days) but then substantial (at 14 days) enhancement of ROS/RNS 

levels, 7 days of exposure to Tat protein in the spinal cord was found presently to modestly 

lower ROS/RNS levels, and significantly increase oxidative stress only after 14 days. Lower 

levels of oxidative stress, although counter to the hypothesis, might be driven by the 

observed decrease in GFAP staining, and an increase in glutathione, a endogenous redox 

buffer that is upregulated in the prefrontal cortex of mice expressing the Tat protein for 7 

days [24]. At 14 days of exposure, these compensatory mechanisms appear to be overcome, 

reducing the body’s ability to combat rampant ROS/RNS generation. Although not tested 

here, it could be speculated that Tat-induced mechanical allodynia is driven primarily by 

gliosis early on (e.g., 7 days of exposure), and then maintained at later time points (e.g., 14 

days of exposure) by oxidative stress. Overall, there appears to be a dynamic shift across 

time in oxidative stress and inflammation markers, in that markers of gliosis are increased 

predominately after 7 days of Tat protein exposure when markers of oxidative stress are 

decreased, whereas after 14 days, levels of oxidative species become significantly higher 

while markers of gliosis return to control levels.
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The contribution of oxidative stress to the development and maintenance of chronic pain 

may be germane to the treatment of HIV-associated sensory neuropathy. Substantial research 

has shown that various neuropathic pain models are sensitive to antioxidant treatment, that 

antioxidants do not develop tolerance or side effects characteristic of commonly prescribed 

drugs such as gabapentin or opiates, and antioxidants reduce central sensitization of 

nociception observed in the spinal cord after nerve injury [46–48]. Prophylactic intervention 

presently with the antioxidant methylsulfonylmethane (MSM) or other immunomodulatory 

agents was sufficient to attenuate Tat-induced mechanical allodynia.

Reactive oxygen species (ROS) generated from microglia activation after nerve injury 

in the spinal cord can produce mechanical allodynia, and is reportedly required for pro-

inflammatory gene expression in primary microglia [49]. In addition to being regarded 

as a potent antioxidant, MSM also displays significant anti-inflammatory effects on both 

cytokine [50] and prostaglandin release [51], potentially contributing to the efficacy of 

the 7 day methylsulfonylmethane pretreatment. Consistent with the current findings, prior 

reports establish the potential cross-talk between inflammation and oxidative stress to 

promote neuropathic pain [46]. However, future studies are required to better understand 

the interaction of oxidative stress and inflammation in the development and maintenance 

of Tat-induced mechanical allodynia, as well as the possible contribution of mitochondrial 

dysfunction to these responses in mice exposed to Tat protein over time.

In a further contrast to present findings, a recent report found that Tat induction limited 

inflammatory paw swelling following administration of CFA to the paws of male, but not 

female mice [20], and reduced thermal and mechanical hypersensitivity following chronic 

nerve constriction injury in both sexes as compared to Tat(−) littermates [20]. These 

discrepancies in responses regarding the time-course of the development of Tat-induced 

mechanical allodynia and gliosis from previous reports [15,16,20] may be driven by the 

difference in the amount of Tat protein produced between the two mouse models and the 

sex of the subjects. Wodarski, Bagdas and colleagues utilized a model utilizing a single Tat 

transgene in Tat(+) mice [19, 20], while the iTat model in the current study utilizes multiple 

copies of the Tat transgene in the male iTat mouse [23], leading here to more protein being 

produced without the complications of an estrous cycle. These are important considerations 

given that the iTat mouse produces Tat protein levels in a similar manner to what is currently 

observed in the cerebrospinal fluid of virally suppressed patients [15,16], suggesting the 

alternative Tat(+) mouse model may perhaps experience lesser effects of the Tat protein on 

the nervous system.

Extending this discussion, it is clear that sex of the subject plays a critical role in nociceptive 

processing. Reduction of microglia through a variety of pharmacological and genetic 

manipulations rescued mechanical allodynia in spared nerve injured male, but not female, 

mice [42]. This raises the possibility that male mice experience hypersensitivity to pain 

from nerve injury in a microglia-dependent manner, while female mice may experience 

hypersensitivity in a microglia-independent manner. Although Tat-associated mechanical 

allodynia develops regardless of sex, further experiments are needed to determine if 

functional contributors to the mechanical allodynia observed by Wodarski, Bagdas and 

colleagues [19,20] are sex-dependent, as the literature cited above would suggest.
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Another potential contributor to mechanical allodynia is the breakdown of the blood-brain-

barrier, which could initially permit peripherally restricted immune cells and toxins into 

the central nervous system. In the present study, although mechanical allodynia developed 

rapidly, increased permeability at both the brain and spinal level were not observed until 14 

days of Tat exposure, suggesting that the onset of mechanical allodynia is not derived from 

indirect effects such as the breakdown of the BBB. However, recent studies have indicated 

that BBB dysregulation occurs early on in HIV infection, and remains unresolved after a 

year of antiretroviral therapy [47].

Although exogenous [48,52–54] and inducible [26,55] HIV-Tat protein exposures have 

previously been reported to decrease BBB integrity, the current data suggests that duration 

of exposure may be critical. Acute and chronic pain states including inflammation, 

neuropathy, and migraine have been implicated with impaired blood-brain-barrier integrity 

and function [56,57]. Despite the presence of mechanical allodynia and dysregulated 

microglial and astrocytic marker expression in the brain and spinal cord after 7 days of 

Tat exposure, the absence of blood-brain-barrier dysfunction in the current study adds to the 

complexity between the intersection of pain, inflammation and blood-brain-barrier integrity.

In addition to the central nervous system, the peripheral nervous system is known to play a 

role in the development of HIV-sensory neuropathy. GFAP is expressed not just in brain and 

spinal cord astrocytes, but also in Schwann cells and satellite glia of the peripheral nervous 

system, where these cells have been implicated in various pain models [58–60]. Given that 

the iTat model used in the current study and the sister Tat(+) model used by Wodarski 

[19], Bagdas [20] and colleagues utilizes expression of Tat protein in GFAP-bearing cells, 

a possible alternative interpretation of the current findings is that the mechanical allodynia 

observed may arise, in part, from peripheral nociceptive mechanisms. Indeed, Tat mRNA 

has been detected in dorsal root ganglion and skin from female Tat(+) mice, suggesting 

the feasibility that Tat protein expressed there potentially modulates nociception at the 

peripheral level [19]. While this does not invalidate the current findings, future work is 

required to determine if Tat protein is expressed at various peripheral sites associated 

with nociception, and then to determine the mechanistic impact on nociceptive nerves 

by exposure to Tat protein, for instance with studies of nerve conduction and synaptic 

degeneration [11].

Conclusions

HIV Tat protein exposure produces hyperalgesia and depressed grooming that is associated 

with dynamic alterations in oxidative stress, gliotic marker expression and blood-brain-

barrier integrity. Given their efficacy presently, antioxidants and anti-inflammatories like 

methylsulfonylmethane and indomethacin, respectively, and immunomodulatory agents like 

dimethyl fumarate may prove beneficial adjuvants for the treatment of HIV-associated 

sensory neuropathy.
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List of abbreviations

cART combinatorial anti-retroviral therapy

HIV human immunodeficiency virus

Tat transactivator of transcription

iTat Teton-GFAP inducible Tat mouse model

DCF oxidized dichlorofluorescein

Iba-1 Ionized calcium binding adaptor molecule 1

GFAP glial fibrillary acidic protein

MSM methylsulfonylmethane

NIH National Institutes of Health

DMF dimethyl fumarate

O.C.T optimal cutting temperature

KPBS potassium phosphate buffer solution
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BSA bovine serum albumin

PBS phosphate buffer solution

SEM standard error of the mean

ANOVA analysis of variance

i.p intraperitoneal

p.o per os (by mouth)

DCFH reduced dichlorofluorescein

ROS/RNS reactive oxygen/nitrogen species

HSD honest significant difference

COX cyclo-oxygenase

Nrf2 nuclear factor erythroid 2-related factor 2

BBB blood-brain-barrier
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gp120 glycoprotein 120

VPR viral protein R

AFU arbitrary fluorescent units
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Figure 1. 
Evaluation of HIV-Tat induced hyperalgesia and mechanical allodynia. G-tg and iTat mice 

were tested before, during and after 14 days of doxycycline treatment (n = 8 per group). 

Latency of tail-withdrawal after various durations of exposure to the Tat protein was 

assessed using a 48°C (A) and a 52°C (B) water bath. The duration of paw licking 

after acetone application (C), as well as mechanical allodynia (D) were assessed as 

well. Triangles represent mean and SEM. Two-Way Repeated Measures ANOVA with 

Bonferroni’s Post Hoc analysis was conducted. * = p < 0.05 vs. matching time point of 

control G-tg mice.

Cirino et al. Page 18

J Neuroimmune Pharmacol. Author manuscript; available in PMC 2023 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
HIV-Tat protein exposure reduces evoked grooming but not nesting behavior. Total 

grooming time (A), latency to first groom (B), and nesting behavior (C) were evaluated after 

7 days of Tat protein exposure (n = 9 for G-tg and 15 for iTat group). Bars represent mean 

with SEM, with data points (circles) plotted representing the response of each individual 

animal. Student’s t-test was used to compare between these two groups for each behavioral 

outcome. * = p <0.05 vs. response of G-tg mice.
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Figure 3. 
Evaluation of HIV-Tat induced gliosis in the lumbar spinal cord. G-tg and iTat mice (n = 3 

mice per group) were administered doxycycline (100 mg/kg/d i.p) for either 7 or 14 days 

and their spinal cords were harvested. Sections of the lumbar spinal cord were stained for 

either Iba-1 (A-D) or GFAP (F-I). Images were collected for 3 sections of the lumbar spinal 

cord per mouse and analyzed for mean fluorescent intensity (arbitrary fluorescent units) (E, 

H). Bars represent mean and SEM, with superimposed circles representing data collected 

from a unique tissue section. Two-way ANOVA with Bonferroni’s Post Hoc analysis was 

conducted. * = p < 0.05 vs. control G-tg time-point.
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Figure 4. 
Evaluation of HIV-Tat induced oxidative stress and blood-brain-barrier dysregulation. DCF 

fluorescence (arbitrary fluorescent units) was used as a direct measure of ROS/RNS levels 

in supernatant from brain (A) and spinal cord (B) of G-tg (red) and iTat (blue) mice treated 

with 7 or 14 days of doxycycline (100 mg/kg/d i.p). In a separate cohort of animals treated 

in the same conditions, the penetration of the small fluorescent tracer, sodium fluorescein, 

a marker of blood-brain-barrier integrity was measured in the brain (C) and spinal cord (D) 

of each animal. Bars represent mean and SEM for each treatment group, with superimposed 

circles representing individual responses (including replicates) from subjects. One-Way 

ANOVA was utilized with post-hoc comparisons utilizing Bonferroni correction. * = p < 

0.05 to respective control condition (doxycycline treated G-tg group).
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Figure 5. 
Pharmacological interventions targeting oxidative stress/inflammation attenuate Tat-Induced 

mechanical allodynia. Pretreatment with methylsulfonylmethane (A), indomethacin (B) or 

dimethyl fumarate (C) were all able to significantly attenuate the development of mechanical 

allodynia after Tat protein exposure (n = 8 mice per group). Circles indicate mean and SEM. 

Two-Way Repeated Measures ANOVA was used. Post-hoc comparisons utilized Bonferroni 

correction. * = p < 0.05 to respective control condition, ╫ = p < 0.05 to respective iTat 

condition, and ┼ = p < 0.05 to respective baseline on day 0.
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